We investigate plasmon-plasmon (PP) coupling in the strongly interacting regimes by using a tunable plasmonic platform consisting of triangular Ag nanoprisms placed nanometers away from Ag thin films. The nanoprisms are colloidally synthesized using a seed-mediated growth method and having size-tunable localized surface plasmon polariton (SPP) resonances immobilized on Si 3 N 4 films. The PP coupling between the localized SPPs of metal nanoprisms and the propagating SPPs of the metal film is controlled by the nanoprism concentration and the plasmon damping in the metal film. Results reveal that Rabi splitting energy determining the strength of the coupling can reach up to several hundreds meV, thus demonstrating the ultrastrong coupling occurring between localized and propagating SPPs. The metal nanoparticle-metal thin film hybrid system over the square-centimeter areas presented here provides a unique configuration to study PP coupling all the way from the weak to ultrastrong coupling regimes in a broad range of wavelengths. Studying light-matter interaction at the nanoscale dimension with metallic nanostructures and metallic thin films has become an intense area of research due to the ability of metallic nanostructures and metallic ultrathin films to confine and concentrate light at the subwavelength scale by excitation of surface plasmon polaritons (SPPs) [1, 2] . SPP-enabled enhancement of light-matter interaction has been further driven by the developments of improved top-down and bottom-up nanofabrication techniques and also by the ability to chemically synthesize quantum dots with size-and shape-tunable optical properties.
Studying light-matter interaction at the nanoscale dimension with metallic nanostructures and metallic thin films has become an intense area of research due to the ability of metallic nanostructures and metallic ultrathin films to confine and concentrate light at the subwavelength scale by excitation of surface plasmon polaritons (SPPs) [1, 2] . SPP-enabled enhancement of light-matter interaction has been further driven by the developments of improved top-down and bottom-up nanofabrication techniques and also by the ability to chemically synthesize quantum dots with size-and shape-tunable optical properties.
To further widen the scope of the fundamental and applied science application of metallic plasmonic structures and boost the performance of the plasmonic devices, new hybrid platforms with easily tunable optical properties are required for engineering light-matter interaction at the nanoscale. This goal has been sought either by metal nanoparticle-metal film [3] [4] [5] [6] [7] [8] [9] [10] [11] or metal nanoparticle-metal nanoparticle [12] [13] [14] [15] configurations. Previously, metal nanoparticles placed nanometers away from continuous metal thin films resulting in a number of enhanced optical effects and tunable plasmon resonances have been proposed and experimentally demonstrated as plasmonic platforms to study coupling of localized SPPs (LSPP) and propagating SPPs (PSPPs) [3] [4] [5] [6] [7] [8] [9] [10] [11] . Until now, the plasmonplasmon (PP) coupling observed in this configuration has been mostly studied using isotropic Ag nanoparticles having plasmon resonance at ∼400 nm or isotropic gold nanoparticles having plasmon resonance at ∼530 nm. In other cases, metal nanodisks and gratings have been used to study the PP coupling [9, 10] . An optimum dielectric spacer layer thickness of around 10-30 nm was found to maximize PP coupling efficiency [3] . In the previous studies: (1) PP coupling has been investigated in the strong coupling regime, nevertheless, the extent of the coupling has not been reported; (2) most of coupling observations have been performed by only exciting the LSPP of the nanoparticles; thus, it is interesting to study the coupling by exciting the PSPPs of the metal film; (3) most of the hybrid samples have been fabricated by using lithographic techniques; thus, finding a complementary plasmonic platform with easily tunable plasmonic properties is appealing for a variety of surfaceenhanced optics applications.
Herein, we report the PP coupling in a tunable plasmonic platform formed by chemically synthesized Ag triangular nanoprisms (Ag NPs) with size-tunable optical properties placed a few nanometers away from Ag thin films, as depicted in the schematic representation [Figs. 1(a) and 1(b)]. The hybrid system presented here covers a square-centimeter area and provides a unique configuration to study PP coupling all the way from the weak to ultrastrong coupling regimes in a broad range of wavelengths. Different from the previous studies, we seek to improve on the optical properties of the hybrid system and find that the hybrid system studied here has the following properties: (1) it has tunable plasmonic properties; (2) plasmon damping of Ag films and concentration of Ag NPs can be used for tuning optical properties of the hybrid system; (3) the system exhibits very large Rabi splitting energies for thick Ag films, which is first due to the decreased plasmon damping observed in the large Ag film thicknesses and, second, due to the ability of Ag NPs to localize high electric fields at their sharp corners [16] [17] [18] [19] [20] .
Triangular-shaped Ag NPs (0.02 mg/ml) are rapidly synthesized via seed mediated method at room temperature, and details of the synthesis can be found in our previous works [16, 17] . A series of Ag thin films with different thicknesses are prepared onto glass substrates using thermal evaporation technique. Dielectric spacer layer of Si 3 N 4 is deposited by RF magnetron sputtering in Ar atmosphere. Prior to immobilization of Ag NPs, the surfaces are modified with 3-aminopropyltriethoxysilane (APTES) (10 mM in ethanol) [16] . Subsequently, the Ag NPs were allowed to immobilize on the functionalized surfaces for 24 h [ Fig. 1(c) ]. To understand the optical properties of the bare Ag NPs, they are placed on glass surfaces. The spectrum reveals that Ag NPs have LSPPs at around 600 nm [ Fig. 1(d) ]. Previous theoretical studies showed that the Ag NPs' extinction spectrum strongly depends on the edge length and thickness [19] . Recent experimental results have also confirmed the theoretical calculations and the position of the main plasmon resonance can be expressed as λ max 33.8 (edge length/thickness) 418.8 [20] . Since we measured the average thickness of the Ag NPs as ∼5 nm by using atomic force microscopy (AFM), the main plasmon resonance position (∼600 nm) and edge length of the Ag NPs (∼27 nm) can be easily correlated [ Fig. 1(d) ]. The reflection measurements in transverse-magnetic (TM) mode are performed using an ellipsometer in the Kretschmann configuration [18, 21] . The prism couples the incident light that is ∼2 mm in diameter to free electrons oscillating on the metal surface. This is observed when the horizontal component of the TM polarized light (k x ) is equal to the real part momentum of SPPs (k spp ):
where λ is the wavelength of the incident light, k 0 is the wave vector of the incident light, n p is the refractive index of the prism used to excite SPPs, θ is the plasmon resonance angle, ε d and ε m are the dielectric constants of dielectric and metal, respectively. Polarization dependent reflection spectra from a bare Ag film and Ag NPs coated Ag film reveal that two new optical modes at ∼525 and ∼650 nm are generated [ Fig. 1(e) ].
The plasmonic properties of a bare metal film with a dielectric spacer layer have been investigated [ Fig. 2(a) ]. The dispersion curve of the 40 nm thick Ag film reveals that PSPP resonance can be tuned as expected by varying only the angle of incident light, Fig. 2(a) . For convenience, the plots of the experimentally obtained dispersion curves are expressed as wavelength versus incidence angle. When the Ag NPs are in close proximity to the Ag film, the coupling of LSPPs and PSPPs is observed, Fig. 2 which is an electromagnetic analog of molecular orbital theory, has been developed to understand the plasmon response of complex nanostructures of arbitrary shape [12] . The hybridization of the plasmonic structures generates two new modes as upper polariton branch, ω , and lower polariton branch, ω − . The ω mode is at the high-energy side in the energy-level diagram because it is an antisymmetric coupling, whereas the ω − mode is at the lower-energy side in the energy-level diagram since it is a symmetric coupling. Classical description of the strong coupling between PSPPs and Lorentzian oscillator without damping produces two normal modes [2] :
At resonance, when κ ω 0 , the Rabi splitting becomes
where N ∕V is the concentration of the oscillator and e and m are electron charge and mass, respectively. It is clear here that Rabi splitting increases linearly with the square root of the concentration of the oscillator, as we have also seen in Fig. 2(f ) . In order to understand the effect of Ag NP size on the PP coupling, Ag NPs with different sizes are immobilized on metal films [ Fig. 3 ]. Polariton reflection curves obtained from the hybrid samples containing Ag NPs having LSPPs at 525, 570, and 600 nm are shown in Figs. 3(a)-3(c) , respectively. It is clear that the locations of the lower and upper polariton branches vary with the LSPPs' wavelength [ Fig. 3(d) ]. Furthermore, by using 3D-FDTD simulations (Lumerical), we have shown that anticrossing behavior (Rabi splitting) can be observed in the same sample configurations used here.
To fully control the strength of the PP coupling, the thickness of the plasmonic layer is varied from 10 to 70 nm while keeping the thickness of the dielectric spacer layer at 10 nm [ Fig. 4(a) ]. The PSPPs' reflection spectra indicate variation of the resonance peak shape as a function of the plasmonic layer thickness, Fig. 4(b) . The quality factor [2, 18] of the plasmon resonance-describing the plasmon loss relative to the amount of plasmon stored within the metal film-is calculated by dividing the resonance central wavelength by the resonance bandwidth for each plasmonic layer thickness [ Fig. 4(c) ]. Below 20 nm Ag film thickness, the damping of the plasmon resonance increases; therefore, the PP coupling enters a completely new regime called the weak coupling regime. For example, at 10 nm Ag film, the dispersion curve does not show any PP splitting; thus, the coupling is considered to be in the weak coupling regime (no Rabi splitting). Including damping, frequency dependent dielectric constant of metal in Drude model can be expressed as
where γ is the damping rate and ω p is the plasma frequency of the metal. The damping term is directly proportional to the linewidth of the plasmon resonance and inversely proportional to the quality factor of the plasmon resonance {Fig. 4(c) [18, 21, 22] }. In the visible spectrum, Ag has a low damping rate, which is why it is preferred in most of the plasmonic applications. In this work, the damping term is tuned by varying the plasmonic layer thickness controlling the observed Rabi splitting. Recent experimental observations have also confirmed our previous results [18, 21] in which optical properties of the ultrathin metal films depend on the film thickness [23] . As shown in Fig. 4(b) , in order to generate the same plasmon resonance wavelength (∼600 nm) with different Ag metal film thicknesses, the incidence angle is increased from 46.8°to 
At resonance when κ ω 0 , the Rabi splitting becomes
It is clear in this equation that the Rabi splitting decreases with the increase in the plasmon damping. Indeed, this has been experimentally demonstrated, as seen in Figs. 4(d)-4(f ); Rabi splitting energy increases with the decrease in the plasmon damping in the Ag film. It should be emphasized here that, in order to observe strong coupling (Rabi splitting) in the dispersion curve, the damping rate of the individual coupling states has to be smaller than the Rabi splitting [2] .
To boost the PP coupling observed in Fig. 2 obtained by using 40 nm thick Ag film, first, the Ag film thickness is increased to 60 nm; second, the concentration of the Ag NPs has been increased from C 0 to 3C 0 where C 0 5.
. The large energy separation between the lower and upper polariton branches at zero detuning (more than 700 meV) indicates that the PP coupling is in the strong coupling regime [2] . We believe that increasing the concentration of Ag NPs and quality factor of the Ag thin film results in generation of collectively coupled plasmonic modes [24] ; thus, formation of a large plasmonic bandgap can be observed [ Fig. 5(c) ]. It should be noted here that, when the Ag film thickness is 40 nm and covered with Ag NPs of 3C 0 concentration [ Fig. 2(e) ], Rabi splitting energy of only around 400 meV is observed.
In summary, we have demonstrated that a tunable plasmonic platform consisting of colloidally synthesized Ag NPs placed nanometers distance away from the Ag thin films shows PP coupling ranging from weak to ultrastrong coupling regimes, which are governed by the plasmonic damping and also by the concentration of Ag NPs. In addition, due to the sizetunable plasmon resonance frequency of the Ag NPs, the PP coupling has been investigated as a function of the composition of the hybrid platform. In the strong coupling regime, the hybridization of the plasmonic modes is observed. The PP splitting energy is tunable from a few hundreds meV to several hundreds meV (more than 700 meV) corresponding to more than 35% of the bare plasmon resonance energy. The tunable plasmonic platform concurrently bearing the optical properties of LSPPs and PSPPs can enhance a variety of optical processes at nanoscale dimension and is, therefore, promising for a wide variety of optical applications at nanoscale dimension. Especially, we believe that the appearance of collectively coupled plasmonic modes appearing at large Ag NPs concentration and large Ag film thicknesses [ Figs. 5(a)-5(c) ] is interesting for solar cell and surface-enhanced optics applications. The similar investigations also can be performed by exciting the PSPPs using metal grating nanostructures. 
